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We discuss the proposal that the “Darmstadt oscillations” of the orbital K–shell electron capture
decay (EC) rate of the H–like heavy ions are caused by quantum beats of two coherently excited,
closely spaced mass–eigenstates of decaying H–like heavy ions. We show that such a mechanism
to explain the time modulation of the EC–decay rates of the H–like heavy ions leads to the time
modulation of the β+–decay rate of these ions with the same period. Such a time–dependence of
the β+–decay rate of the H–like heavy ions contradicts the experimental data of GSI.
PACS: 23.40.Bw, 33.15.Pw, 13.15.+g, 14.60.Pq
Recently Litvinov et al. [1] have observed that
the K–shell electron capture (EC) decay rates of
H–like 140Pr58+ and 142Pm60+ ions
140Pr58+ → 140Ce58+ + νe,
142Pm60+ → 142Nd60+ + νe (1)
have an unexpected periodic time modulation of
exponential decay curves. The rates of the number
NECd of daughter ions
140Ce58+ and 142Nd60+
dNECd (t)
dt
= λEC(t)Nm(t), (2)
where Nm(t) is the number of the H–like mother
ions 140Pr58+ or 142Pm60+[1] and λ
(H)
EC(t) is the
EC–decay rate, are periodic functions, caused by
a periodic time–dependence of the EC–decay rates
λEC(t) = λEC (1 + aEC cos(ωECt+ φEC)) (3)
with a period TEC = 2pi/ωEC ≃ 7 sec, an ampli-
tude aEC ≃ 0.20 and a phase φEC .
In the articles [2, 3] and the reports [5, 6] we
have proposed an explanation of the periodic time–
dependence of the EC–decay rates as an interfer-
ence of two neutrino mass–eigenstates ν1 and ν2
with masses m1 and m2, respectively. The period
TEC of the time–dependence has been related to
the difference ∆m221 = m
2
2 − m
2
1 of the squared
neutrino masses m2 and m1 as follows
ωEC =
2pi
TEC
=
∆m221
2γMm
, (4)
where Mm is the mass of the mother ion and γ =
1.43 is a Lorentz factor [1]. The analysis of the
“Darmstadt oscillations” by means of the mass–
differences of neutrino mass–eigenstates has been
carried out also in [7, 8] and [9]. In a subsequent
analysis we also showed that the β+–branches of
the decaying H–like heavy ions do not show time
modulation, because of the broad energy spectrum
of the neutrinos in the corresponding three–body
decays and proposed a test of such a behaviour [4].
According to atomic quantum beat experiments
[10, 11], the explanation of the “Darmstadt oscilla-
tions”, proposed in [2]–[6, 8], bears similarity with
quantum beats of atomic transitions, when an ex-
cited atomic eigenstate decays into a coherent state
of two (or several) lower lying atomic eigenstates.
In the case of the EC–decay one deals with a tran-
sition from the initial state |m〉 to the final state
|d νe〉, where the electron neutrino is a coherent su-
perposition of two neutrino mass–eigenstates with
the energy difference equal to ω21 = ∆m
2
21/2Mm
related to ωEC as ωEC = ω21/γ.
Another mechanism of the “Darmstadt oscilla-
tions” has been proposed by Giunti in [12] and
Kienert et al. [13]. The authors [12, 13] assume the
existence of two closely spaced mass-eigenstates of
the H–like heavy ion in the initial state of the EC–
decay and describe the initial state of the mother
ion by the coherent superposition of the wave func-
tions of two mass-eigenstates
|m〉 = cos θ |m′〉+ sin θ |m′′〉, (5)
where |m′〉 and |m′′〉 are two mass–eigenstates of
the mother ion with massesMm′ andMm′′ , respec-
tively, θ is a mixing angle. By definition of eigen-
states the mass–eigenstates of the H–like heavy ion
|m′〉 and |m′′〉 should be orthogonal 〈m′|m′′〉 = 0.
Unlike our analysis [2, 3, 8], the authors [12, 13]
draw an analogy of the “Darmstadt oscillations”
with quantum beats of atomic transitions [11],
when an atom is excited to a coherent superposi-
tion of two closely spaced upper energy eigenstates
and decays into the same lower lying energy eigen-
state. According to [11], the intensity of radiation,
caused by a transition from such a coherent state
into the same lower energy eigenstate, has a pe-
riodic time–dependent term with a period inverse
proportional to the energy–difference ∆Em′m′′ be-
tween two upper energy eigenstates.
The EC–decay rate of the mother ion from the
|m〉 state is equal to [3]
λ
(m)
EC (t) = λEC(1 + 2 sin 2θ cos(∆Em′m′′t)), (6)
where λEC is the EC–decay constant [2, 3, 14]
and ∆Em′m′′ is the energy difference of the mass–
eigenstates |m′〉 and |m′′〉. This shows a periodic
dependence of the EC–decay rate with a period
inverse proportional to ∆Em′m′′ .
However, the H–like heavy ions, subjected to the
EC–decays, are unstable also under β+–decays [1]:
m→ d+e++νe. Following the standard procedure
for the calculation of the β+–decay rates [3, 4, 14]
one gets
λ
(m)
β+
(t) = λβ+(1 + 2 sin 2θ cos(∆Em′m′′t)), (7)
where the β+–decay constant λβ+ has been calcu-
lated in [14]. Hence, according to [12, 13], the β+–
decay rates of the H–like heavy ions should have
the same periodic time–dependence as the EC–
decay rates. However, this contradicts preliminary
experimental data on the time–dependence of the
β+–decay rates of the H–like heavy 142Pm60+ ions
at GSI, which indicate no time modulation [15].
This shows that the “Darmstadt oscillations” can-
not be treated as quantum beats of two closely
spaced mass–eigenstates of the H–like mother ions.
There is also another reason making a time–
dependence of the EC–decay rates of the H–like
heavy ions impossible in the approaches proposed
in [12, 13]. For example, the mass–eigenstates |m′〉
and |m′′〉 of the mother ions, injected into the
storage sing, would be statistically populated by
the fast projectile fragmentation. Such a process
can also populate the system of the H–like mother
ions with the coherent state |m˜〉 = − sin θ |m′〉 +
cos θ |m′′〉. Due to statistical equivalence and prin-
ciple indistinguishability of these coherent states
the probabilities Pm and Pm˜ of the production
of the coherent states |m〉 and |m˜〉, related by
Pm + Pm˜ = 1, should be equal Pm = Pm˜ =
1
2 .
The decay rate λ
(m˜)
EC (t) and λ
(m˜)
β+
(t) of the EC
and β+ decays of the H–like heavy ions from the
coherent state |m˜〉 are equal to
λ
(m˜)
EC (t) = λEC(1− 2 sin 2θ cos(∆Em′m′′t)),
λ
(m˜)
β+
(t) = λβ+(1− 2 sin 2θ cos(∆Em′m′′t)). (8)
The total EC and β+ decay rates of the H–like
heavy ions from the coherent states |m〉 and |m˜〉
are defined by
λEC(t) = Pmλ
(m)
EC (t) + Pm˜ λ
(m˜)
EC (t) = λEC
× (1 + 2 sin 2θ (Pm − Pm˜) cos(∆Em′m′′t)),
λβ+(t) = Pmλ
(m)
β+
(t) + Pm˜ λ
(m˜)
β+
(t) = λβ+
× (1 + 2 sin 2θ (Pm − Pm˜) cos(∆Em′m′′t)). (9)
For Pm = Pm˜ =
1
2 one expects no interference
terms in the EC and β+ decay rates of the H–like
heavy ions.
We would like to accentuate that the analysis of
the “Darmstadt oscillations” in terms of the inter-
ference of neutrino mass–eigenstates [2, 3] allows
to explain a time–independence of the β+–decay
rate of the H–like heavy ions [4].
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